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Introduction

This paper discusses an effort to develop advanced PEA system capabilities
that incorporate:
• Improved signal processing tools for increased signal/noise ratios (SNR)
• Integrated PEA modeling tools

II. Improved Signal Processing
Signal processing methods developed in this program are described below,
including averaging, band-pass filter, split spectrum processing, and
deconvolution. These methods are not only helpful in reducing noise, but
also in improving spatial resolution.
Waveform Averaging
Simple averaging of N waveforms reduces SNR by 𝑁𝑁.
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Wiener Deconvolution [4]
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X (ω ) = material response
Y(ω) = measurement
H (ω ) = instrument response
Q = adjustible parameter

Split Spectrum Processing [3]
•

•
•

•

Raw
waveform
Fourier
transformed to frequencydomain and split into N
wavelets using overlapping
Gaussian band-pass filters
Wavelets transformed back into
time-domain
For each element in the
wavelets, the average and
standard
deviation
are
calculated from which the
coefficient
of
variation
(CV=stdev/avg) is calculated.
Each element original waveform
divided by corresponding CV
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III. PEA Modeling with Ray Tracing

Pulsed Electro-Acoustic (PEA) measurement techniques are nondestructive
and, arguably, one of the most promising methods to provide the desired
information on internal charges distributions related to spacecraft charging
issues [1,2].
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For a volume charge distribution, ρ(z), in a
dielectric layer, a force acts on the charge
layer when an external pulsed electric field,
E(t), is applied. The force on a thin sub-layer
of charge of thickness, ∆z, at location z, is
given by:
∆f ( z , t ) = ρ ( z ) ⋅ ∆z ⋅ E (t )

(1)

In the frequency domain, this expression is
written:
∆f (ω , z ) = ρ ( z ) ⋅ ∆z ⋅ E (ω )

(2)

where ∆f(ω,z) and E(ω) are Fourier transforms
of ∆f(z,t) and E(t). The force (over the cross
sectional area) creates a pressure wave that
propagates to the piezoelectric sensor and is
given by:
∆p (ω , z ) = p 0 (ω ) ⋅ ρ ( z ) ⋅ ∆z ⋅ E (ω ) ⋅ e ik 4 z ⋅ e ik3h3 ⋅ t 43 ⋅ t 32

(3)

where
p0(ω)
is
the
transducerinstrumentation response function and is
assumed to have a Gaussian response shape
in frequency domain. t43 and t32 are the
transmission coefficients for the dielectric
film-electrode and electrode-piezoelectric
sensor interfaces (refer to Fig. 3). Exponential
factors are added to account for the phase
shifts (or time delays in time domain) for each
respective layer. The z-coordinate can be
transformed to a time coordinate with the
following substitutions:
z = t ⋅ c4 ; ∆z =c 4 ∆t ; k 4 =

ω

c4

(4)

where c4 is the wavespeed in the dielectric, ω
is the angular frequency, and k4 is the
dielectric wavevector.
Figure 1. Flow Diagram Showing Signal
Processing and Data Analysis Process
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IV. Summary

[1,5-15]

Eq. 3 can now be written:
∆p (ω , t ) = p0 (ω ) ⋅ E (ω ) ⋅ c4 ⋅ e ik3h3 ⋅ t 43 ⋅ t32 ⋅ ρ (c4t ) ⋅ e iωt ∆t

(5)

In summary, signal processing and modeling tools have been developed,
debugged, and proven out, and have been found to be beneficial in cleaning up
waveforms (see Fig. 5) and analyzing their meaning and content.

Summing up all the wavelets from each charge
sub-layer (∆z) is accomplished by integrating as
follows:
t
p (ω ) = p0 (ω ) ⋅ E (ω ) ⋅ c4 ⋅ eik3h3 ⋅ t 43 ⋅ t32 ⋅ ∫ ρ (c4t ) ⋅ eiωt ⋅ dt

Measured Waveform

(6)

0

Setting the limits on the integral to +/- infinity
changes the integral to a Fourier integral and Eq.
6 can now be written in terms of the Fourier
transform of the charge distribution, ρ(ω):
p (ω ) = p 0 (ω ) ⋅ E (ω ) ⋅ c 4 ⋅ e ik3h3 ⋅ t 43 ⋅ t 32 ⋅ ρ (ω )

(8)

Mathematically, the time delay (phase shift) due
to the z-dependence of the charge distribution
integrates to ρ(ω). The time-domain waveform
(shown in Fig. 3) is obtained by performing an
inverse Fourier transform on p(ω) from Eq. 8 and
then taking the real-part:
p (t ) = Re[icfft [ p (ω )]]

Instrument’s LabVIEW Professional development package.

(7)

Eq. 7 is the stress transferred to the sensor from
the charge layer. The stress, σq, from the
embedded charge in the dielectric layer is then
given by
p (ω ) = E (ω ) ⋅ c4 ⋅ ρ (ω ) = σq

Ray-Tracing Model

(9)

The derivation leading to Eqs. 7-9 is for the wave
designated by p20 in Fig. 4. The wavelets p10 and
p30, for the waves generated from the induced
charges on the electrodes can be written:
p10 (ω ) = p0 (ω ) ⋅ E (ω ) ⋅ e ik3h3 ⋅ t32

(10)

p30 (ω ) = p 0 (ω ) ⋅ E (ω ) ⋅ c 4 ⋅ ρ (c 4ω ) ⋅ e ik3h3 ⋅ t 43 ⋅ t 32

(11)

Other wavelets can be similarly derived. In
general, there are an infinite number, but only a
few are needed in practice.

Figure 5. Comparison of Measured Waveform and Model Calculation

A prototype pulsed electro-acoustic (PEA) system using the signal processing and
modeling tools has been designed, developed, built, and demonstrated for
ambient environmental conditions. Work is underway on development of a
vacuum chamber-based PEA system. Both the ambient and vacuum chamberbased systems use the same LabVIEW data acquisition, instrument control, signal
processing and analysis, and modeling package.
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Figure 2. Graphical Representation of
Split Spectrum Processing Method

Figure 3 Conceptual diagram showing a generic PEA
setup with a charged dielectric film, electrodes, sensor,
and basic equipment components

Figure 4 Drawing showing additional wavelets
including additional reflecting wavelets and wavelets
coming from induced charge layers
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